Abstract In this study, MWCNT/epoxy composites were fabricated via combination of ultrasonication with two post-processing techniques namely, casting and hotpressing, respectively. The effect of these two post processing techniques and MWCNT loading ranging from 0 to 1.0 vol% on the mechanical, electrical and thermal properties of MWCNT/epoxy composites were investigated. The addition of MWCNT in epoxy reduced the tensile strength and tensile modulus of the MWCNT/epoxy composites compared to unfilled epoxy. However, the MWCNT/ epoxy composites prepared by hot-pressing technique improved the tensile strength and tensile modulus at 0.4 vol% MWCNT loading as confirmed by morphological analysis. The DMA properties of MWCNT/epoxy composites prepared by both post-processing techniques showed no significant change in storage modulus and T g values. The increment of MWCNT loading slightly increased the electrical and thermal properties of MWCNT/epoxy composites via the hot-pressing technique. These findings indicate that different post-processing techniques and filler loading govern the properties of MWCNT/epoxy composites.
Introduction
Demands for materials with improved properties have been continuously growing to satisfy new materials requirements, both in scientific researches and for engineering applications. In particular, polymer-based composites filled with carbon-based fillers such as carbon nanotubes (CNT) have been extensively investigated for the last decade due to their promising potential for future applications [1] . Among thermosetting polymer matrices, epoxy resins are frequently used for advanced composites materials owing to their excellent thermal, mechanical and electrical properties [2] . Incorporation of CNT into epoxy resin in the form of filler material demonstrated favourable findings because of the unique combination of structural and functional properties of CNT such as high aspect ratio in combination with low density, high tensile strength and stiffness as well as excellent thermal and electrical conductivity [3, 4] .
To date, epoxy-based composites filled with multi-walled carbon nanotube (MWCNT) have demonstrated great potential for wide range of engineering applications in the aircraft, automotive and electronics industries, although some limitations remain to be solved towards improved product development. Much works have been done to understand the structure-property relationship of the MWCNT/epoxy composites. It has been reported in the literature that the performance of these composites depends upon various factors such as morphology and structure of filler, filler loading, alignment of fillers into the matrix, quality of dispersion and filler-matrix adhesion [1, 5, 6] . Guo et al. [7] reported that the selection of processing techniques and parameters, different epoxy resin as well as the choice of CNT showed diversity in results and it is difficult to compare the performance of the epoxy composites.
The fabrication of MWCNT/epoxy composite involved three major steps namely processing of MWCNT, dispersion and post-processing of MWCNT/epoxy suspension. First, the processing or synthesis of MWCNT are widely performed via techniques such as chemical vapour deposition (CVD), laser ablation and arc discharge [1] . Compared with laser ablation and arc discharge techniques, CVD is a simple, cost-effective and popular method for processing nanotubes at ambient pressure and low temperature. Secondly, the dispersion of MWCNT in epoxy resin include separating agglomerated MWCNT and this process can be performed via stirring, ball milling, ultrasonication and calendaring techniques [8] . Most of these techniques are operated with limited capacity and are inefficient for the uniform dispersal of nanoparticles into epoxy resin. However, ultrasonication is one of the more favourable techniques for achieving efficient nanotubes dispersion in laboratory-scale quantities [9] . The final step, post-processing technique, involves curing the MWCNT/epoxy suspension into MWCNT/epoxy composite sheet, while maintaining the uniform distribution of MWCNT in place. Table 1 summarizes various types of post-processing techniques and their significant features are briefly described. Casting is a simple technique where MWCNT/epoxy suspension are deposited onto mould and cured at appropriate temperature and time. The hotpressing technique involves depositing MWCNT/epoxy suspension onto mould and then hot-pressing at certain pressure, temperature and time. The technique of spin coating involves the deposition of MWCNT/epoxy suspension on spinning flat surface of interest at appropriate angular speed and time. Another favourable technique is electrophoretic deposition (EPD), where MWCNT/epoxy suspension coats the surface of an opposite charged conductive electrode upon applying direct current (DC) electric field. Although tremendous research efforts have been carried out on the product development of these composites, limited study has been conducted to investigate the effect of various post-processing techniques and filler loading on the performance of MWCNT/epoxy composites. The aim of the present work is to investigate the influence of simple and cost effective post-processing techniques, namely casting and hot-pressing along with various filler loading on the mechanical, electrical and thermal properties of MWCNT/epoxy composites. One dimensional with randomly oriented MWCNT was incorporated in less viscous epoxy resin and low MWCNT loading ranging from 0 to 1.0 vol% was selected for the suspension based on recommendation from previous study [3] . The dispersion procedures employed in this study were based on fixed sonication parameters, while the MWCNT/epoxy suspension was fabricated into composite sheets using post-processing techniques via casting and hot-pressing.
Experimental Materials
Epoxy resin, D.E.R.
TM 332 (bisphenol-A diglycidylether) with a density of 1.16 g/ cm 3 and curing agent, JEFFAMINE Ò Polyetheramines D-230 with a density of 0.946 g/cm 3 were cured with weight ratio of 100:32. Both materials were supplied by Penchem Technologies Sdn. Bhd. The MWCNT employed were purchased from USAINS Holding Sdn. Bhd. with an average diameter and length ranged between 10 ± 1 nm and 1-5 lm, respectively. All the materials were used as received. Figure 1 illustrates a simplified schematic of MWCNT/epoxy composites preparation via various post-processing techniques. For the preparation of composite samples, the pristine MWCNT were mixed with epoxy resin within the range from 0 to 1.0 vol%. The MWCNT filler volume fraction was calculated according to ASTM D2584 as shown in Eq. (1):
Preparation of MWCNT/epoxy composites
where V f is the volume fraction of filler, q f is the density of filler, q m is the density of matrix, W f is the weight of filler and W m is the weight of matrix. The MWCNT/epoxy suspension was sonicated using Hielscher UP200S Ultrasonicator with 50% amplitude and 0.5 sonication cycle for 20 min (1 min on/1 min off) at room temperature to aid dispersion. The suspension was then vacuumed for 60 min at room temperature to eliminate entrapped air. The curing agent was added to the suspension at a ratio of 100:32 by weight (epoxy: curing agent) and the suspension was further sonicated for another 10 min (1 min on/1 min off) in an ice water bath followed by degassing in a vacuum oven for 30 min to further eliminate entrapped air. The dispersion process employed in this work were principally based on fixed sonication parameters conditioned such as power, frequency, time, probe diameter and distance between the probe and the suspension beaker. The final suspension was then fabricated into composites with dimensions of 155 mm 9 245 mm for two post-processing techniques, namely casting and hotpressing.
For both post-processing techniques, the MWCNT/epoxy suspension were poured onto transparency sheets mould coated with a mould-releasing agent. The mould consisted of two coated transparency sheets with a spacer attached onto one of the transparency sheets. For the casting technique, the MWCNT/epoxy suspension were cast onto the mould, covered with another transparency sheets and flattened to uniform thickness using a roller blade. The composite was then cured at room temperature for 24 h followed by post-curing in a convection oven at 125°C for an additional 3 h. In contrast, for hot-pressing technique, the suspension was moulded onto the mould, covered with another transparency sheet and hotpressing was achieved using hot press machine manufactured by Gotech Testing Machine Inc. (Model GT-7014A30C) at a pressure of 200 psi and cured at 80°C for 2 h followed by post-curing in a convection oven at 125°C for 3 h. The thickness of the composites on the substrate was controlled by a spacer and was within the range of 0.3-0.5 mm. Epoxy without MWCNT filler as controlled sample was prepared following the same procedure for comparison purposes. Table 2 shows the description of the composite samples. 
Casting technique
Curing at T=25°C for 24 h Post curing at T=125°C for
Hot-pressing technique
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Characterization of MWCNT/epoxy composites
The surface morphology of pristine MWCNT was observed using a transmission electron microscope (TEM, Philips CM12) and field emission scanning electron microscope (FESEM, Zeiss SUPRA TM 35VP) was used to observe the morphology of the MWCNT. The fracture surfaces of the MWCNT/epoxy composites were examined using a FESEM at an acceleration voltage of 10 kV. All specimens were vacuum coated with gold prior to examination to avoid charging. Dispersion of MWCNT/epoxy composites was observed using Polarizing Microscope Meiji with image Analyser Software. The tensile tests were performed using an Instron 3366 universal testing machine with a 10kN load cell, according to the ASTM D882-02 standard test method at a crosshead speed of 1 mm/min. Rectangular specimens with a gauge length of 100 mm, width of 10 mm and thickness within ranges of 0.3-0.5 mm were tested and the average values were reported. Dynamic mechanical analysis (DMA) was performed using a dynamic mechanical analyser (DMA, Mettler Toledo DMA 861e analyser). Rectangular specimens with dimensions of 20 9 6 9 3 mm 3 were tested in tension mode from room temperature to 150°C at a heating rate of 5°C/min, with the frequency of 1 Hz and a force amplitude of 0.5 N within a nitrogen atmosphere. The storage modulus (E 0 ), loss modulus (E 00 ), loss factor (tan d = E 00 /E 0 ) and the glass transition, T g of the composites determined from the peak of the tan d were obtained from this test. The electrical conductivity of square-shaped composites with a dimension of 30 9 30 mm 2 was tested using using GWinstek High Precision LCR Meter (12-10 kHz, LCR-817). The thermal conductivity of epoxy composites with dimension of 40 9 40 mm 2 was measured by a hot disk thermal constant analyzer (TPS 2500S) at room temperature. The void content of the MWCNT/EP composites was determined in accordance with ASTM D 2734-94, while the theoretical and experimental density of the composites were evaluated based on resin burn off test (ASTM D 2584-94) and ASTM D792-98 respectively using the following Eqs. (2) and (3) [13, 14] : 
where V is the void content, W E and W M are the weight fractions of the epoxy resin and MWCNT, respectively and q E and q M are the densities of epoxy resin and MWCNT, respectively.
Results and discussion

Morphology of pristine MWCNT
The morphologies of pristine MWCNT powders are shown in Fig. 2 . From the SEM images in Fig. 2a , it is apparent that nanotubes are clustered at the micron scale with different sizes. The inset reveals that the nanotubes exhibited tube-like structure that are randomly oriented and aggregated in tangles which are caused by the high aspect ratio of the MWCNT and strong Van der Waals interaction between nanotubes. The TEM image in Fig. 2b confirmed that the nanotubes are randomly oriented and aggregated at certain areas. Both images in Fig. 2 and the inset show the nanotubes with an average length and diameter ranging between 1 and 5 lm and 10 ± 1 nm, respectively.
Dispersion and morphological study of MWCNT/epoxy composites both post-processing techniques show homogeneous dispersion with slightly fine agglomerates particles (Fig. 3a, b, d , e). The experimental observations for casting and hot-pressing techniques which were performed at room temperature for 24 h and at 80°C for 2 h, respectively followed by post-curing at 125°C for 3 h can be elucidated by the effect of Brownian motion of the particles. In casting technique, the colloidal dispersions of nanotubes in epoxy composites were slightly slower at room temperature with loosely packed agglomerates nanotubes structure due to high viscosity of the suspension. However in hot-pressing technique, the suspension became less viscous at high temperature and caused the colloidal dispersion between nanotubes to move rapidly. Conversely, at 1.0 vol% loading, coarse agglomerates particles with reduced gap between nanotubes became obvious in casting technique as compared to hotpressing technique (Fig. 3c, f) . The findings reflected that coarse agglomeration were obvious at higher MWCNT loading for both post-processing techniques and caused difficulty to produce homogeneous dispersion. These observations were in agreement with findings from previous studies [15, 16] . The agglomeration of nanotubes during curing process is also influenced by both the temperature curing rate and the diffusion of nanotubes in the polymer matrix [17] . An increase in curing temperature causes higher crosslinking density and higher molecular weight as well as improved mechanical properties. Consequently, further nanotube diffusion into epoxy composite causes the nanotubes to re-agglomerate. Several studies have demonstrated the transformation from homogenous to re-agglomeration of nanotubes dispersion during the curing process of the polymeric matrix. Reagglomerations of pristine nanotubes during curing occur at different curing time intervals and temperature, where it is obvious at higher nanotubes loading due to reduced interparticle gap between dispersed nanotubes [16, 18] .
The filler size distribution of the MWCNT at 0.2, 0.4 and 1.0 vol% loading were measured based on OM images of MWCNT/EP composite samples using 100 readings [19] . The finding from measurement was interpreted in a frequency curve (Fig. 3) .
Void content Figure 5a shows the expected theoretical and experimental result densities of the unfilled epoxy and MWCNT/epoxy composites prepared via various post- processing techniques at different MWCNT loadings, while Fig. 5b represents the calculated porosity based on theoretical and experimental result. From these results, it is observed that the experimental density exhibited almost similar trend as compared to the expected theoretical result with experimental density of MWCNT/ EP (C) composites slightly higher than MWCNT/EP (HP) composites. This may be associated with the tendency of viscous epoxy of forming bubbles in the suspension which may also cause accelerated moisture uptake in unoccupied volume during the fabrication process of MWCNT/EP (C) composites as epoxy resin exhibit slightly viscous consistency at room temperature [20] . Void content increases with the increase in MWCNT loading, possibly related to increased viscosity of epoxy resin upon addition of MWCNT. This finding is in good accordance with the results reported by previous researches and it indicates that the presence of void is one of the factors that contribute to the reduction of composite strength [21] [22] [23] .
Tensile properties of MWCNT/epoxy composites Figure 6 illustrates the tensile properties of unfilled epoxy and MWCNT/epoxy composites at various post-processing techniques and filler loadings. The incorporation of MWCNT into epoxy resin prepared by various post-processing techniques demonstrated significant trends in tensile properties of the composites. In particular, a slight enhancement in the tensile properties could be observed in all of the composites prepared by hot-pressing technique compared to casting technique. The trends for both post-processing techniques show that a slight increase in tensile strength and tensile modulus occurred at 0.2 and 0.4 MWCNT/EP composites and gradually decreases with an increase in filler loading (Fig. 6a, b) . It can be explained by the fact that pristine MWCNT are randomly oriented and aggregated in tangles. At low filler loading, the MWCNT were homogeneously dispersed in epoxy composites with less agglomeration and they formed fine particles (Fig. 3a, b, d, e) . Based on Fig. 6a , it shows that the optimum mechanical properties occurred at 0.4 vol% and the results from Fig. 4 confirmed that the mean filler size of 0.4 MWCNT/EP composites slightly smaller in comparison to other MWCNT/EP composites and this result is consistent with the morphology observed under OM (Fig. 3) .
As the MWCNT loading increases, the formation of coarse particles agglomerates becomes obvious as confirmed in Fig. 3c , f, causing cracks to initiate and spread easily and subsequently reducing the strength of the composite [15, 16] . Moreover, Gkikas et al. [24] reported that the addition of MWCNT led to insignificant effect on the tensile modulus value of the composite but a slight improvement was observed at 1.0 wt%. The lack of improvement in stiffness has been reported in the past and this may be attributed to the difficulty of obtaining homogeneous dispersion, thus causing the agglomerates to trap polymer matrix in the voids between the nanotubes and subsequently reducing the volume fraction of polymer matrix [5, 25] .
This observation suggests that the addition of MWCNT exhibited lower tensile strength and modulus of the composites in comparison to unfilled epoxy. Similar results have been reported by previous studies [11, 15, 25] . Such findings were due to a number of issues which have been reported elsewhere [9, 26] . The first issue is the inability to homogeneously disperse nanotubes within epoxy matrix which results in pristine MWCNT being highly aggregated in tangles. The second issue is weak filler-matrix adhesion and this subsequently limits the load transfer from the epoxy matrix to nanotubes. Other issues are due to filler orientation (random or aligned), particle geometry and dimension, filler surface modification (functionalization and surfactant), voids and fabrication method. Therefore, Allaoui et al. [3] suggested the use of low nanotubes loadings which will be sufficient to improve the mechanical properties of composites due to their random distribution. Figure 6c depicts that an increase in MWCNT loading causes the composite to become more brittle, thus leading to the decrease in elongation at break, which is in agreement with previous works [5, 25] .
Morphology of tensile fracture surface Figure 7 displays the FESEM images of tensile fracture surfaces of unfilled epoxy and MWCNT/epoxy composites. It can be seen that unfilled epoxy prepared by both post-processing techniques (Fig. 7a, d ) had wide fracture lines with smooth mirrorlike fracture surface, indicating a typical brittle fracture with low strength material behaviour [27] . The EP (C) had more fracture lines as compared to EP (HP) and this observation suggested that EP (C) can easily break upon the application of stress which was due to weak crack initiation and propagation resistance behaviour. Nevertheless, the gap between fracture lines in unfilled epoxy is wider compared to the fracture lines of the MWCNT/epoxy composites. In contrast, the fracture surface of MWCNT/epoxy composites prepared via both post-processing techniques generated narrow gap between fracture lines in various planes with highly rough fracture surfaces where the roughness increases with increasing filler loading, indicating toughening effect (Fig. 7b, c , e, f) [28] . Therefore, more energy is required to propagate the cracks and it is more difficult to break the MWCNT/epoxy composites in comparison to unfilled epoxy. Contrary to this expectation, the fracture mechanism does not induce toughening effect to the MWCNT/epoxy composites as supported by the tensile properties results (Fig. 6) and is confirmed by FESEM morphology of fracture surfaces. One noteworthy point is that not all surface areas showed nanotubes. The insets in Fig. 7b, c, e, f) show the presence of MWCNT shown by the white spots which increases with the increase of nanotubes loading. In addition, certain regions of the fracture surface were revealed to be agglomerated. Composite fracture surface of 0.4 vol% MWCNT loading prepared by both post-processing showed that the nanotubes were homogenously dispersed with slight agglomerates of MWCNT and micro cracks (Fig. 7b, e) . Whereas, as the MWCNT loading increases to 1.0 vol%, the fracture of the composites exhibited that the nanotubes were poorly dispersed in epoxy resin with agglomeration of MWCNT and there were micro cracks, MWCNT-rich and epoxy resin-rich areas observed (Fig. 7c, f) .
These observations revealed that the agglomerates and curling of the MWCNT during sample preparation lowered the reinforcing effect of MWCNT as they limit the load transfer from epoxy resin to nanotubes and subsequently the poorly dispersed MWCNT/epoxy composites yields to lower mechanical properties [15] . Besides, the presence of micro cracks led to low adhesion and poor compatibility between MWCNT and epoxy resin, thus reducing the composites properties. However, the agglomeration of MWCNT and micro cracks developed in the MWCNT/EP (HP) were slightly less compared to MWCNT/EP (C). These results might be explained by sufficient curing reaction at 80°C and lower viscosity of MWCNT/epoxy suspension during hot-pressing technique, thus led to better MWCNT-epoxy resin contact area and therefore enhanced the filler-matrix adhesion. Figure 8 presents the dynamic mechanical properties of unfilled epoxy and MWCNT/epoxy composites performed from room temperature to 150°C, executed from DMA. The storage modulus was determined at 30°C in the glassy plateau and 110°C at the rubbery plateau as plotted in Fig. 8a . Incorporation of MWCNT into epoxy resin shows less improvement in the dynamic properties. However, the difference in the storage modulus values for both post-processing techniques in the glassy and rubbery plateau are very obvious. For casting technique, the slight decrease in storage modulus value for 0.4 MWCNT/EP (C) composite in comparison with EP (C) at glassy plateau was due to the slippage of the MWCNT in the epoxy resin which led to poor load transfer and reduced the storage modulus value [4] . Nevertheless, the increased in the MWCNT loading caused a significant drop in the storage modulus values for other MWCNT loading prepared by both post-processing techniques. This can be explained by the formation of agglomeration due to Van der Waals bonds which consequently affected the rigidity and stiffness of the composites [24] . Additionally, for hot-pressing technique, the heat applied during the curing process of the composites caused the MWCNT to reagglomerate and enhanced the reduction of the storage modulus values. In contrast, a slight increase in storage modulus for 0.4 MWCNT/EP (HP) than that of EP (HP) composites was observed at rubbery plateau (as shown in the inset in Fig. 8a ) in comparison to MWCNT/EP (C) and EP (C) composites. This can be related to a higher level of crosslink density and strong polymer-filler interaction leading to reinforcing effect by MWCNT in hot-pressed system and hence proving an increased thermal stability of the composites [29] . Tan d (loss factor) represents the ratio of the loss modulus (viscous behaviour) to storage modulus (elastic behaviour) of a material and is a measure of damping (energy loss). The tan d maximum heights of all composites were lower than the unfilled epoxy and decreased with increasing MWCNT loading as shown in Fig. 8  (b) . The maximum value of tan d slightly decreased by approximately 6.66% at 1.0 vol% compared to 13.59% for casting and hot-pressing techniques, respectively. The incorporation of MWCNT caused the stiffening effect to the epoxy composites and subsequently decreased the tan d. This shows improvements of damping efficiency in the composites [30] .
Dynamic-mechanical properties of MWCNT/epoxy composites
Glass transition temperature (T g ) was identified at maximum peak of tan d, which is related with molecular chain relaxation of the composite. The incorporation of MWCNT into an epoxy resin demonstrated no significant change of T g for both post-processing techniques, while higher MWCNT filler loading results in low T g values. Variations of T g of all composites are small which are less than 5°C and this is related to a thermoset property with its high degree of cross-linking density [29] . The curve of the composites prepared by casting technique shifted slightly to higher temperatures indicated an increase of the T g value up to approximately 1.81°C for the case of 1.0 MWCNT/EP (C) while the other curve prepared by hot-pressing technique shifted to lower temperatures and decreased the T g values of 1.0 MWCNT/EP (HP) up to 4.61°C. An increase in T g value for composites prepared by casting technique suggested that the immobility of the epoxy chains was due to the presence of MWCNT [10] . However, a reduction in T g value for MWCNT/EP (HP) may be related to the slightly poor dispersion of MWCNT, voids in the composites and re-agglomeration of the MWCNT as the heat was applied during curing process of the composites [25] . This leads to the poor interaction between the MWCNT and epoxy and causes interference with the polymer structure.
Electrical conductivity of MWCNT/epoxy composites
The measured electrical conductivity of the MWCNT/epoxy composite as a function of nanotube loading for two different post-processing techniques are shown in Fig. 9 . The unfilled epoxy exhibits an insulator behaviour with low electrical conductivity of approximately 8.72 9 10 -7 and 9.57 9 10 -7 S/m when prepared by casting and hot-pressing techniques, respectively, which are typical values for such polymer [15, 27] . Figure 9 shows that low percolation threshold was observed at 0.2 vol% nanotube loading with an increase of one order of magnitude. The electrical conductivity value of the 0.2 MWCNT/EP composites prepared by hot-pressing technique was slightly higher than casting technique with the values of 5.06 9 10 -6 and 4.95 9 10 -6 S/m, respectively. It has been reported elsewhere in the literature that critical factors determining the percolation threshold were filler loading, filler geometry, filler-filler interaction, aspect ratios, dispersion condition, preparation methods, crystalline orientation, purity, type of polymers and the electrical anisotropy of the composites [15, 18, 27, 31] .
The incorporation of 1.0 vol% MWCNT led to a slight increase in the electrical conductivity by one and two orders of magnitude for casting and hot-pressing techniques, respectively as compared to the unfilled epoxy resin. The electrical conductivity values of the composites prepared by hot-pressing technique is one order of magnitude higher than the composites prepared by casting technique at 1.0 vol% loading which were 1.04 9 10 -5 and 9.10 9 10 -6 S/m, respectively. Generally, electrical conductivity in the order of 10 -8 to 10 -4 S/m is sufficient for electrostatic discharge applications [3, 15, 27] . These results confirmed that the post-processing technique affects the formation of conducting network of the epoxy composites and similar observations were reported by previous works [32, 33] . Particularly in the hot-pressing of the epoxy composite, the application of pressure increases the electrical conductivity via enlarging the contact area between nanotubes particles which leads to a certain degrees of packing density. In contrast, a loosely packed nanotubes epoxy composite structure prepared by casting technique results in voids between the agglomerates and consequently causing a drop in electrical conductivity. Figure 10 exhibits the thermal conductivity as a function of MWCNT loading for epoxy composites prepared via different post-processing techniques. The thermal conductivity of MWCNT/epoxy composites increased with the addition of MWCNT loading. This observation is in accordance with a previous study performed by Evseeva et al. [34] vol% MWCNT to epoxy resin resulted in an increase of 91.4 and 82.4%, respectively in thermal conductivity for MWCNT/EP (HP) and MWCNT/EP (C) as compared to the unfilled epoxy. An improvement in the thermal conductivity of epoxy composites in the present study, which is less than 1 W/ mK is almost similar to previously reported works [15, 35] . The increased thermal conductivity of MWCNT/EP (HP) composites relative to MWCNT/EP (C) composites may be due to an increase in the contact area between nanotubes and the epoxy matrix. The application of pressure via hot-pressing technique reduces the thickness of epoxy layer on the nanotubes surface, thus increases the MWCNT-epoxy matrix contact area. Therefore, a greater contact area enhances the path for phonon diffusion within the nanotubes and ultimately reduces thermal interfacial resistance between nanotubes and epoxy matrix [15] . Contrary to MWCNT/EP (HP) composite, the thermal conductivity of MWCNT/EP (C) composites were slightly lower and one possible reason might be due to the casting techniques used which caused the epoxy composite to be loosely packed with fine agglomerated nanotubes and thicker epoxy layer on the surface of MWCNT. Thicker epoxy layer reduces MWCNT-epoxy matrix contact area and causes high thermal interfacial resistance leading to severe phonon scattering at the interface. Additionally, the phonon frequency mismatch occurred at the MWCNT-epoxy resin interface reduces the diffusion of phonons and subsequently results in lower thermal conductivity [36] .
Thermal conductivity of MWCNT/epoxy composites
The thermal conductivity of a composite is controlled by phonon and the electrons conduction is commonly insignificant for insulating materials [37] . For CNT/polymer composites, the thermal conductivity is largely influenced by various factors, including loading amount, aspect ratio, dispersion of nanotubes and their interfacial adhesions with polymer matrix, filler length, thermal resistance of the filler-polymer interface, filler structure quality within the matrix [37, 38] . 
